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prrticnts with 
Group II included six dogs with 
produced by boading the descend- 
use the effect of decreased nortic distensibility on coronary 
ventricular contractMy, measure- 
eline and during incwased vcntric- 
oprotereaoi infusion. 
. At basellae, ~~~~a~ compliance was reduced by 35% in 
ratio, impairs endorardia 
cardial ~s~~ern~o even in the absence of coronary artery stenosis. 
Group 11, bul there was no change in total mean arterial resis- 
tance. Hem~ynum~c variables, regional wall motion and coronas 
‘Fhc distensibility of the aorta is decreased in patients with 
atherosclerosis (1,2) and hypertension (3,J) and in the elderly 
(S-8). Previous studies (5-Lli) have shown that because the 
heart is a puksatile pump, decreased aortic distensibility bur- 
dens the left ventricle with an extra load during cardiac 
ejection (increased puhtiic energy component for left ventric- 
ular ejection), In contrast, other studies have sugested its 
detrimental effect on coronary perfusion. Abel (12) observed 
that a decrease innortic compliance augmented the systolic! 
diutolic Row ratio into the coronary artery and suggested that 
decreased ortic ompliance ompromises endocardial pcrfu- 
sion. Bogrcn et al. (1) used magnetic resonance imaging 
techniques and suggested that there was  reduction in coro- 
niNy flow in patients with decreased aortic distensibility. We 
also recently investigated (14,14) the effect of decreased aortic 
distensibility on myocardini perfusion and showed its amavating 
cffcct on myocardial &hernia in the presence of coronary artery 
stenosis. However, it remains to be elucidated how decreased 
aortic distensibility a@ects coronary perfusion and whether it
induces myocardial schemia even in a normal coronary artev. 
Although short-term decrease in aortic distensibility did not 
induce ischemia n the regions perfused by a normal coronary 
artery (13), its long-term effect on coronary perfusion may be 
different. 
Therefore, this study was designed to elucidate how a 
long-term decrease in aortic distensibility affects coronary 
blood flow. We used an animal model of long-term aortic 
banding to reduce distensibility and investigated the changes in
coronary artery flow, coronary flow reserve and transmural 
distribution ofblood flow. To investigate that effect in zonnec- 
tion wifh left ventricular contractile condition, we increased 
left ventricular contraction by an isoproterenoi infusion and 
compared the measurements with those at baseline conditions. 
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variables, ventricular function and coronary circulation, we 
performed IO-s coronary inflow occlusion to induce peak 
reactive hyperemia, sdescribed previously (15,16). 
After aortic pressure and flow, left atrial pressure an 
and reactive l~y~ere~l~c left ircumflex coronary artery 
flow were recorded, the dogs were randomly allocated totwo 
groups: In Group I (n = 6) there was no artificial aortic 
constriction; i  Group !I (n = 6) almost the entire descending 
thoracic aorta was banded to decre aortic distensibility. 
There was no difference inmean (2s 
II (12.8 z 1.4 vs. 13.7 
ents of the descending thoracic aorta located 
between the intercostal rteries were dissected 
tape was placed at each dissected segment. The 
n constructed with the tapes in Group II dogs, 
whereas inGroup I dogs the aorta was only loosely surrounded 
by the tapes. After aortic constriction or sham banding, the 
recordings were repeated in both groups. 
Waterproof, inelastic nylon tapes (11 mm wide, 0.8 mm 
thick, 200 mm long), strong enough to constrict the aorta, were 
used for aortic banding. Aortic constriction was cautiously 
performed, without increasing mean aortic pressure or reduc- 
ing aortic flow. (The difference in pressure between the 
ascending and abdominal orta at the second operation was 
<5 mm I-Is.) To prevent long-term co pensatory dilation of 
the brachiocephalic nd left subclavian rteries, which might 
weaken the elIect ofaortic onstriction, each proximal portion 
of those arteries was also banded by a tape without producing 
decrease in pressure. No difference inpressure inthe brachio- 
cepharic artery was observed by drawing back the microma- 
nometer catheter. 
After the flow probes and pressure catheters were removed, 
the dogs were allowed to recover. Animals in the laboratory 
the animals were 
ve~~t~~ate~ with a r 
were surrou 
etic flowmeters. A 
ich a calibrated 
for ~v~tl~draw~l of arterial blood samples to measuvc myocar- 
ow with colored microspheres. An electrode of 
stainless teel wire was inserted in the left 
ronary region into the Ve~~tr~cMl~r avity
a IO-gauge needle, and a k on the tip was 
positioned in the s~bendo~rd~~n~ a wed to record the 
(ECG). To sure the 
al segment length, one pair ltraso~~c 
iameter) was implante in the s~bendo~r~ 
dium in the left circumflex coronary region and con 
microsonometry system (Schuessler, Wltrasonic 
e crystals were placed perpendicularly 
- I to 1.5 cm apart. The nadir of the S 
dial ECG and the dicrotic notch in the 
aortic pressure curve w re used, respectively, to time end- 
diastolc and end-systole In a cardiac ycle. 
~x~@r~n~~~~~I ~r coI_ At least “111 min was allowed for 
stabilization after il~st~~~~e~~tat~o~l was completed. Aortic and 
left atrial pressures, aortic and left circumflex coronary artery 
flows, myocardial segment length and subendocardial ECG 
were recorded at baseline and during intravenous infusion of 
isoproterenol (0.02 wg/kg body weight per min). Hsoproterenol 
infusion was intended to investigate the effect of aortic banding 
in relation to increased left ventricular contraction. The dose 
of isoproterenol infused was similar to that used previously in 
humans (17,18). This protocol was followed identically inboth 
study groups. Reactive hyperemia of the left circumflex coro- 
nary artery after occlusion for 10 s was also measured at
baseline and during isoproterenol infusion to evaluate coro- 
nary flow reserve ratio. Approximately 10min after initiation 
of the isoproterenol infusion, hemodynamic variables stabi- 
lized and w::re ded using an eight-channel r corder 
000) at a paper speed of 100 mm/s: 
ded transiently at end-expiration. 
. To measure gional myo- 
r green and red polyslyre~~c 
microspheres (E-Z Trac) were injected into the left atrium at
baseline and during isoproterenol infusion, res 
each experimental condition, -5 x 10” inicr(?s~l~ercs wcrc
injected, for a total volume 3 to 4 of ml. Ten seconds before 
each injection and continuously for 90 S, a withdrawal pump at 
a flow rate of 10 to 15 ml/nun was used to draw a reference 
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blood sample from the catheter inserted into the abdominal 
aorta. At the end of the second operation, the animal was 
killed by an overdose of pentobarbital, nd the heart was 
excised. Details of ornate resolution, microsphere counting 
methods and regional blood flow calculations have been 
previously reported (34,19). All reagents u ed for the process- 
ing of tissue and blood samples to quantify colored micro- 
spheres were obtained from E-Z Trac Company. 
Tissue sample. The tissue samples were minced, placed in a 
her with Tissue Digest Reagent 1 and boiled in a 
ter bath. The sample was then diluted with Tissue 
d centrifuged. The supernarant was 
et was washed with Tissue Microsphere 
e samples wcrt‘ again ~~~tr~f~~~ed, and 
the su~r~~laflt was aspirated, Ica 0.2 to 0.4 ml of the 
su~r~~t~l~t in the bottom of the t The linal volume was 
measured hy drawing the mixture into the tip of a variablc- 
volume automatic pipette. 
mcnt. The samples wer entrif~~e~, mixed with distilled water 
and again centrifuged. ood Digest Reagent was then added 
to the sediment, and the sample was boiled. After coohng, t&c 
digest was washed with distilled water, and Blood Microsphere 
Counting Reagent was added to the sediment. The ~mpl~s 
were centrifuged, and the supernatant was aspirated, leaving 
0.2 to 0.4 ml of the supernatant in the bottom of the tube. The 
final volume of the microspheres was measured by a variable- 
volume automatic pipette. 
Co~vt@ and chda~iott. Aliquots of the final solution 
were placed in a Fuchs-Rosenthal hern(~~tome~~r, Sixteen 
chambers were counted for each sampie, and the total ~u~~ber 
of microspheres in each r~fe~e~~e blood and tissue sample was 
imputed according to the f&awing for~~u~~: 
where No. counted = number of colored microspheres count- 
ed: No. chambers = number of chambers counted; 3.2 rn& = 
ruled volume of the chamber: and ml suspension = final 
volume of the tissue or blood samples. 
Regional myocardial blood Bow (RMBF) was computed as 
fottows: 
where = total number of microspheres in the tissue 
sample; R = nferuvx How rate (mVmin); CR = total number 
of microspheres in the reference blood sample; and WT = 
weight OF tissue sample (g). Results are expressed in ml/g per 
mi 
is. ‘sotok mean .&stance and total arten.al com- 
phbnce. The changes in artenat function due to aortic banding 
were assessed by total mean resistance and total arterial 
compliance. Total mean resistance wascalculated by divi 
mean aortic pressure by mean aortic 
Total arterial compliance was esti met 
of Liu et al. (20). This a~pr~~b is based on the 
model and calculates arterial compliance from the area adder 
the diastolic pressure wa~ef~~~ rather thaiI from nonlinear fit. 
The validity of this method fo ing the elastic property of 
the aorta was also re~rte~ b ly et al. (21). Total arterial 
compliance was c~~~~~ated as 
tlOW WCKz ~i~iti~~~ i%t 
image sc?nncr (Epson, ~T-~ 
I tci) and stored on ~lag~etic 
analyzed according to the 
spectra were obt dined. Twelve 
dNa, Total mean r~s~sta~~~ was 
i~~~~~an~e s~ct~~~rn, and the 
changes in wave reflection, the wave reflection i dex was also 
calculated as the difference between maximal and ~~nirnal 
moduli for a given aortic in ut impedance spectrum (22,23). 
The changes in the aorti input impedance spectrum were 
associated with changes in the distribution of the power output 
r was derived from the 
according to the formula 
us of Bow; Z, = rnod~~t~s 
of impedance; and $,, = phase angle of impedance at the nth 
harmonic. Mean power was calculated as the product of mean 
aortic pressure and flow; thus, total power was derived as the 
sum of pulsatile and mean powers. 
~i~i~~l~l segmod length alid regional wall motion The mea- 
sured segment lengths were normalized to each initial control 
end-diastolic segment length by dividing the measured values 
by this end-diastolic length and were expressed as a percent by 
them by 100. segment shortening was calculated by 
dividing the difference between the end-diastolic and the 
e~~-sy~t~li~ segment lengths by the ear-diastoti~ segment 
length and was also expressed as a percent. 
Pk&c corona))’ bIoo$ flow n,td corotrary jbw reserve rati 1 
The left circumflex coronary artery blood flow was measured 
by an electromagnetic flowmeter and divided into systolic and 
diastolic flows, in proportion to the systolic and diastolic areas 
in the recorded phasic left circumflex coronary waveform. The 
systolic phase was defined as the area from the beginning ofthe 
increase inaortic pressure toits dicrotic notch, as indicated by 
ry Mow reserve ratio was ca 
between bckxe and after aortic 
rst operation were made hy a paired 
parisons were performed with 
a commercially available statistica package for the ~~~i~t~s 
personal corn~~~er (StatView, version 4.0, Abacus Concepts 
art- 
emodynamic variables 
sod Bow at the first 
B. %n Group 11, sham aortic 
variables nor left cir- 
II, by contrast, aortic 
hemodynamic variables and left circumflex coronary blood 
flow were not significantly ditrerenl between Groups I and II at 
the first operation. 
total mean rresis- 
in total at terial 
out the experiment are shown in Figure 1. 
Before aortic banding at the first eration, arterial compli- 
ance was similar in the two gro . However, afkr esrtis 
banding, it decreased in Group I9 (p < Q.09). At the 
operation, arterial compliance in Group 91 was -65% of 
in Group I, and it remained at a low Ieve until the set 
operation, both at baseline and during isoproterenol infusion. 
Conversely, there was no difference in total mean resistance 
between the two groups (Tables 1 and 2). 
emodynamic variables, vascular resistance and regional 
wall motion at the second operation. Hemodynamic variables, 
vascular resistance and regional wall motion at the second 
operation are prcsentcd in Table 2. At baseline and during 
~so~~~~ercl~i~~ infusion, heart rate, aorlic pressure and Wow and 
left atrial pressure in Group 9 were not significantly di 
those in Group II. lsoproterenol infusion increased heart 
rate an rtic f.ow. bu; the increments were similar in both 
gD.MlpS. wever, during isoproterenol infusion, pulse pressure 
was greater in Group II Ihan Grows I ( 0.01). Represen- 
tative recordings ofaorlic pressure and In and left circumflex 
coronary artery Row and se~~~~~~ length from one dog each in 
roups B and II at the second operation are shown in Figure 2. 
~tbo~g9~ total mean resistance at the second operation was 
y idc~~tjca9 in both grou s, the aortic input impedance 
e 1. changes ila total arlerial compktnce throughout the ex;leri- 
. At the first operation, total arterial pliance was similar between 
n ban) and Group II (hate bar [before aortic banding] 
[after aortic banding]); h , after handing of the aorta, 
it was decreased in Group II. At the second operation, the decrease in 
arterial compliance was still preserved in Group II both at baseline and 
during isoproterenol (ISP) infusion. ’ p < 0.05. ## p < 0.01. 
,m”mm”p,, 
scline 
At 1st operation Ai 2nd operation 
1 
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Table 2. Hemodynamic Variables, Vascular Resistance and Regiona! Segment Length in the Two 
Experimental Groups at Second Operation 
Baseline ISP 
Group I Grclup II Group I Group II 
spectrum showed that the characteristic impedance was 
greater in Group II than in Group I at baseline and during 
isoproterenol infusion (p < 0.05). In addition, the wave 
rdlectican index was increased in Group II c~mpured with that 
in Group I at baseline and during isoproterencl infusion (p < 
O.OS). There was no significant difference in regional wall 
motion measured by micmsonomctry between Groups I and II 
at bwelinc or durin 
the! sum af the puhtile and mean power output of the 
ventricle, !Pulsatltile power was greater in Group II t 
iwp t at baseline (12 ‘c 4 mW in Group I vs. 22 2 9 
roup II, p < WSS) and during isoproterenol infusion (16 t 
in Group I vs. 32 2 I1 mW in Group II, p < O.O5), 
s mean power oufput of the left ventricle was not 
signiticantly different between Groups I and II, either at 
baseline (268 -C 85 mW in Group I vs. 279 -C 92 mW in Group 
II) or during isoprotercnol in&ion (316 2 97 mW in Group I 
vs.373 3 74m in Group II). Consequently, the total power 
output of the left ventricle was 280 I 85 mW in Group I 
compared with 301 -C 99 mW in Group II at baseline and 
mpared with 405 -C 83 
Left circumflex coronary artery blood flow and 
are presented in Table 3. The 
weight of the excised heart and left ventricle did not differ 
significantly between the two groups (heart weight 106 f- 13 g 
in Group I vs. i 18 I I2 g in 
10 vs. 65 -1- 8 g, respective1 
There were no dilkrenc 
blood flow id coronas 
cnol infusion. As shown in Figure 2, 
diastolic flow was relatively 
isoproterenol infusion. The left circumflex coronary diastolic/ 
systolic flow ratio was thus smaller in Group II during isopro- 
terenol infusion (3.5 -t 1.0 in Group I vs. 2.0 +- 0.5 in Group II, 
p -K MS), whereas, the hyperemic flow did not increase in 
proportion to the increment in rest left circumflex coronary 
flow, and there was no difference between the two groups, even 
during isoproterenol infusion. Therefore, the coronary flow 
reserve ratio decreased in Group II (2.4 1- 0.3 in Group I vs. 
1.9 t 0.4 in Group II, p < 0.05). 
The transmural distribution of blood 
4. Baseline endocardial and epicardial blood flow was similar 
in the two groups. During isoproterenol infusion, endocardial 
and epicardial blood flow increased in both groups compared 
with baseline values (p < 0.01). 
endocardia! flow in Group II was significantly less than that 
observed in Group I (p < 0.05). There was no significant 
difference in epicardial flow between the two groups. Conse- 
quently, the er.docardial/epicardial flow ratio was smaller in 
whereas, in Group II, 
tion during isoproter infusion compared with that at 
more elevated in Group BI than in Group I during isoproter- 
enol infusion (p < 0.05). 
lam the prcscnt study, we showed that when aortic distcnsi- 
bility is chronically decreased, the trallslllnra~ 
myocardial blood flow is altered, and the 
epicardial flow ratio is rcduccd during increased ventricular 
contraction. These findings suggest that decreased aortic dis- 
tensibility contributes to a dccrcase in subcndocardial pcrfu- 
sion during increased ventricular contraction and “iry elicit 
subendocardial &hernia, even in the absence of coronary 
stenosis. 
gic con To decrease aortic distcnsi- 
lie (9) c the descending thoracic aorta 
and a brachiocephalic and left subclavian artery by the use of 
lucile ferrules. We used nylon tapes and banded the same 
arteries, which enabled us to easily adjust the degree of the 
constriction without elevating the mean aortic pressure. Thus, 
total arterial com liance was reduced to -65% of that in 
control dogs, with no change in total mean resistance. The 
effect of aortic banding on vascular properties at the second 
operation was also evaluated by aortic input impedance spec- 
trum. Analysis of impedance spectrum revealed that the char- 
acteristic impedance and wave reflection were increased in the 
banded compared with control dogs and that the pulsatile load 
of the left ventricle was greater in the banded dogs. 
roximul site of the left circum 
nary artcry to place the flow probe would h~1.2 altered t&e 
response under study because in ewation wou%d he 19artly 
owcvcr, hccausc CoKomary 
in all animals in both groups, they 
and therefore the resulting differ- 
to the surgical procedure. 
dge, there have been only 
decreased aortic distensi- 
bility on coronary blood flow. Abel (II) observed t 
ahpt &CKW in aortic compliance increased the coronary 
artcry systolic/diastolic filliq ratio and specu!ated that de- 
creased aortic compliance tTliiy compromise endoca 
ogren et al. (1) reported that coronary blood 
ased in patients with decreased aortic co 
)wcver. according to our data (13) and prc~~ll~~~~ary study. an 
rupt dccreasc in aortic distensibility does not induct isch- 
cmia when lhc myocardium is perfused l9y a normal coronary 
artery. Accordingly, we investigated whether chronically dc- 
crcascd aortic distensibility affects coronary perfusion 
whether this effect depends on ventricular contractility. 
showed that chronically decreased aortic distensibility affects 
coronary perfusion only when ventricular contraction is increased. 
ratio. To evaluate coronary flow reserve, we calcu- 
relative coronary flow rescrvc (coronary flow rcservc 
ratio) by dividing the peak reactive ow by the rest flow. WC 
found that although the coronary flow reserve ratio at the 
second operation did not differ in both groups at baseline, it 
was decreased in the banded compared with control dogs 
during isoproterenol infusion. This phcnomcnon was due lo 
the increased rest coronary Row during i~opr~9&c~~~o~ ji?fusion, 
Ilot to the decrease in maximal coronary flow: c 
the higher autorcgulakd flow caused rhc corwia 
to dccrcase. o#~nan (24) rcportcd that de 
relative coromuy Row rcscrvc is useful for tX!lUiItiD~ coronary 
capacity during maximal exercise and that anemia, left ventric- 
ular hypertrophy and increased ventricular conlraclilitJJ USUallY 
induce an increase in rest coronary flow. In the present St@, 
the pulsatile power output of the left ventricle increased, and 
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Se 
m 2. Representative recordings of aortic pressure, aortic flow and 
ic left circumflex coronary artery flow and segment length at the 
second operation. Recordings at baseline and during isopmterenol (ISP) 
m Group I (upper panels) and in one horn Group II 
mparison of wavefcrms of the control and banded dogs 
shows that pulse Pressure was increased in the banded dog. Moreover, 
the phasic left ckumflex coronary flow pattern was different between the 
two dogs. Left circumflex coronary diastolic flow was relatively decreased, 
and systolic flow relatively augmented, in the banded dog. This abmormal- 
ity in left circumflex coronary flow pattern was exaggerated during 
isopmterenol i fusion, and bachward left circumflex coronary flow during 
late systole also became prominent i  the banded dog. 
to be greater in Group II than in 
oup I. T~~e~cf~~~e~ the increasing ocardial oxygetl demand 
s thought o be the reason for 
in banded compared with control dogs. Because ndocardial 
blood flow is adjusted in response to myocardial oxygen 
er output of the ventricle tended to be 
ed dogs, the c~)m~a~ativc~y r duccd in- 
1 blood flow observed in the bailded dogs 
was suggestive of mild ischemia in the subendocardium. In fact, 
there was ST segment elevation on the subendocardial ECG in 
the banded ogs during isoproterenol infusion, which seemed 
to reflect he occurrence of subendocardial iscbemia. 
Various mechanisms have been c d to explain the 
transmural maldistrib~tio~ f blood ecause maldistri- 
bution of blood flow was elicited during isoproterenol infusion, 
it is possible to attribute it to increased myocardial compres- 
sive stress on subendocardial coronary arterioles. Marzilli et al. 
(25) showed that isoproterenol impedes ystolic oronary flow 
and decreases ubendocardial flow more than subepicardial 
flow. Krams et al. (26) showed that ventricular contractility is
the main factor involved in coronary systolic flow impediment. 
Moreover, Kajiya et al. (27) observed phasic blood flow in the 
distal coronary artery and reported that isoproterenol in- 
creases intramyocardial compressive forces, thus impairing 
coronary perfusion. In the present sttidy, the phasic left 
circumflex coronary artery flow pattern changed, and the left 
circumflex coronary diastolic/systolic flow ratio was decreased 
in the banded ogs during isoproterenol infusion. Therefore, it 
was thought that increased vc.ntricular contractility com- 
pressed coronary arterioles and contributed to the subendo- 
cardial fIow impediment. 
Furthermore, isoproterenol induces tachycardia nd dia- 
stolic hypotension, a d these hemodynamic changes might also 
affect subendocardial flow (28). 1soproterenol infusion in- 
creased pulse pressure in the banded dogs, which might 
aggravate the transmural flow maldistribution. That is, the 
ented systolic coronary 
odrast, the relatively hypotensive diastolic 
a decrease in diastolic coronary perfusion. 
ronary Wow seemed to bi> distributed prefer- 
athcr than to the subc 
in the ban e 
ersists. it affects coronary au- 
toregulation and maintcnancc of adequate r;~h~9~lO~~c~tr~Ji;pS 
pc~iusion during iracrcascd ventricular contraction. 
The finding that the net ransmural blood fr~w remained 
near normal despite its ~a~d~stribution ca  be consi 
be~omenon.” Epstein et al. (29) 
tbar myocardial compressive forces and elevahed intraventric- 
ular pressures, as well as dynamic alterations in coronary 
resistance, cause this intramural steal phenomenon. The 
present study suggested that chronically decreased aortic dis- 
tensibility also contributes to the intramural steal phenomc- 
non. 
ations. The present study dcmonstratcd 
ecreased aortic distensibility reduces the 
e ratio and alters the transmural distribu- 
tion of myocardial b ood ow during increased left ventricular 
Figure 3. ST se ent changes on the subendocardial electrocardiogram 
(KG). ST segment levels were similar in Groups I and II at baseline and 
did not change during isoproterenol (ISP) infusion in Group 1. However, 
in Group II there was ST segment elevation during isoproterenol infusion 
compared with baseline (p< 0.05). Thus, the ECG showed greater ST 
segment level elevation in Group II than in Group I during isoproterenol 
infusion (p < 0.05). ‘i’ p < 0.05 versus Grt9up 1. 
p<o.os 
I--P-----l 
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contraction. Therefore, it is suggested that in patients with 
atherosclerosis or hypertension a d in elderly people with 
chronically decreased aortic distensibility, subendocardial per- 
fusion may be impaired during severely accelerated ventricular 
contraction, such as during strenuous exercise or administra- 
tion of positive inotropic drugs. It is further suggested that 
subendocardial ischemia may occur in these patients even if 
they do not have significant coronary artergt s enosis. 
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